Short-and medium-chain acyl coenzyme A (acyl-CoA) synthetases catalyze the formation of acyl-CoA from an acyl substrate, ATP, and CoA. These enzymes catalyze mechanistically similar two-step reactions that proceed through an enzyme-bound acyl-AMP intermediate. Here we describe the characterization of a member of this enzyme family from the methane-producing archaeon Methanosarcina acetivorans. This enzyme, a medium-chain acyl-CoA synthetase designated Macs Ma , utilizes 2-methylbutyrate as its preferred substrate for acyl-CoA synthesis but cannot utilize acetate and thus cannot catalyze the first step of acetoclastic methanogenesis in M. acetivorans. When propionate or other less favorable acyl substrates, such as butyrate, 2-methylpropionate, or 2-methylvalerate, were utilized, the acyl-CoA was not produced or was produced at reduced levels. Instead, acyl-AMP and PP i were released in the absence of CoA, whereas in the presence of CoA, the intermediate was broken down into AMP and the acyl substrate, which were released along with PP i . These results suggest that although acyl-CoA synthetases may have the ability to utilize a broad range of substrates for the acyl-adenylate-forming first step of the reaction, the intermediate may not be suitable for the thioesterforming second step. The Macs Ma structure has revealed the putative acyl substrate-and CoA-binding pockets. A two-step mechanism for Acs (equations 1 and 2) in which the reaction proceeds through an acetyl-AMP intermediate has been proposed based on evidence including detection of an enzyme-bound acetyl-AMP (2-4, 38):
AMP-forming acetyl coenzyme A (acetyl-CoA) synthetase (Acs; acetate:CoA ligase [AMP forming], EC 6.2.1.1), which catalyzes the activation of acetate to acetyl-CoA, is a member of the acyl-adenylate-forming enzyme superfamily (8) , which consists of acyl-and aryl-CoA ligases, nonribosomal peptide synthetases that mediate the synthesis of peptide and polyketide secondary metabolites, such as gramicidin and tyrocidine, and the enzymes firefly luciferase and ␣-aminoadipate reductase. Although these enzymes share the property of forming an acyl-adenylate intermediate and are structurally related, they share limited sequence homology and catalyze unrelated reactions in which the intermediate serves different functions for different members of this enzyme family.
A two-step mechanism for Acs (equations 1 and 2) in which the reaction proceeds through an acetyl-AMP intermediate has been proposed based on evidence including detection of an enzyme-bound acetyl-AMP (2-4, 38):
E ⅐ acetyl-AMP ϩ HSCoA % E ϩ acetyl-CoA ϩ AMP
In the CoA-dependent first step of the reaction, an enzymebound acetyl-AMP intermediate is formed from acetate and ATP, and inorganic pyrophosphate (PP i ) is released. In the second step, the acetyl group is transferred to the sulfhydryl group of CoA and AMP is released. Other short-(Sacs) and medium-chain acyl-CoA synthetases (Macs) follow a similar reaction mechanism using acyl substrates other than acetate (8, 15) .
In the 2.3-Å structure of trimeric Saccharomyces cerevisiae Acs1 in a binary complex with AMP (19) , the C-terminal domain is positioned away from the N-terminal domain in a conformation for catalysis of the first step of the reaction (equation 1). The 1.75-Å structure of the monomeric Salmonella enterica Acs (Acs Se ) (13) in complex with both CoA and adenosine-5Ј-propylphosphate, an inhibitor of the related propionyl-CoA synthetase (12, 15) , which mimics the acetyl-adenylate intermediate, reveals that the C-terminal domain of Acs is rotated approximately 140°toward the N-terminal domain to form the complete active site for catalysis of the second halfreaction (equation 2). In this orientation, the CoA thiol is properly positioned for nucleophilic attack on the acetyl group. In structure/function studies of 4-chlorobenzoate:CoA ligase (CBAL), a distant member of the acyl-and aryl-CoA synthetase subfamily of the acyl-adenylate-forming enzyme superfamily, Wu et al. (39) and Reger et al. (28) provide evidence that PP i produced in the first step of the reaction dissociates from the enzyme before the switch from the first conformation to the second conformation required for CoA binding and catalysis of the second step of the reaction.
Acs and Sacs/Macs are widespread in all three domains of life and play a key role in archaea, as suggested by the finding that several thermophilic archaea have multiple open reading frames (ORFs) (up to seven) that encode putative Sacs or Macs (33) . The chemolithoautotrophic methanoarchaeon Methanothermobacter thermautotrophicus has two ORFs with high identity to Acs and a third ORF that is likely to encode a Macs. M. thermautotrophicus Acs1 (Acs1 Mt ) has been biochemically and kinetically characterized, has been shown to have a strong preference for acetate as the acyl substrate, and can also utilize propionate but not butyrate (16, 17) .
Methanosarcina and Methanosaeta are the only two methanoarchaea isolated that are able to utilize acetate as substrate for methane production. Unlike Methanosaeta species, which utilize Acs for catalyzing the first step of methanogenesis (18, 34) , Methanosarcina species employ the acetate kinase-phosphotransacetylase pathway for activation of acetate to acetylCoA, and an Acs activity has not been observed in Methanosarcina (1, 23, 30, 32) . Surprisingly, an Acs-related sequence was identified in the Methanosarcina acetivorans genome. Here we describe the kinetic characterization this enzyme, designated Macs Ma , and show that it utilizes longer acyl substrates than Acs. The preferred acyl substrate was shown to be 2-methylbutyrate, and 2-methylbutyryl-CoA, AMP, and PP i were the products of the reaction, as expected. However, when propionate was used as the acyl substrate, propionyl-CoA was not produced. Instead, in the absence of CoA, propionyl-AMP and PP i were released, whereas in the presence of CoA, the propionyl-AMP intermediate was broken down into AMP and propionate and released along with PP i . Intermediate results were obtained with other acyl substrates, with both acyl-CoA and acyl-AMP production observed.
The 2.1-Å crystal structure of Macs Ma (31) , determined in the absence of any substrate, revealed the enzyme to be in a conformation similar to that of the S. enterica Acs (13) with respect to the position of the C-terminal domain. Through inspection of the Macs Ma structure and alignment of Acs, Sacs, and Macs sequences, we identified six residues that form the putative acyl substrate-binding pocket. Individual alterations at these residues dramatically diminished enzyme activity and indicate that the acyl substrate-binding pocket of Macs Ma has a very precise architecture that cannot be perturbed.
MATERIALS AND METHODS
Cloning and sequencing the M. acetivorans macs gene. The M. acetivorans macs gene (GenBank accession no. NP_617808.1, GI:20091733) was PCR amplified from genomic DNA using the primer pair 5Ј-CGCACCCATATGACTTCCTT GCTGAGCCAATTTGTTTCC-3Ј and 5Ј-CTAAACCTCGAGTCATTGGCTC TGGTCCTTGTCACGG-3Ј. The PCR product was cloned into the pET19b expression vector (Novagen, Inc.) using the NdeI and XhoI sites introduced during PCR amplification. The sequence of the cloned macs gene was confirmed by Sanger-style sequencing at the Clemson University Genomics Institute.
Site-directed mutagenesis. Site-directed mutagenesis of the gene encoding Macs Ma was performed using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. Mutagenic primers were 30 to 40 nucleotides in length, with the altered base(s) located at the center of the primer. The alterations were confirmed by Sanger-style sequencing at the Clemson University Genomics Institute.
Heterologous enzyme production in Escherichia coli. Macs Ma was heterologously produced in E. coli RosettaBlue(DE3)placI (Novagen, Inc.). Cultures were grown at 37°C in LB medium containing 50 g/ml ampicillin and 34 g/ml chloramphenicol to an A 600 of ϳ0.6, and recombinant protein production was induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to a 0.5 mM final concentration. Cells were grown overnight at ambient temperature and harvested by centrifugation.
Purification of Macs Ma . Cells with heterologously produced Macs Ma were suspended in ice-cold buffer A (25 mM Tris, 150 mM NaCl, 10% glycerol, 20 mM imidazole [pH 7.4]) and disrupted by two passages through a French pressure cell at 138 MPa, and the cell lysate was clarified by ultracentrifugation at 100,000 ϫ g for 1 h. The supernatant was applied to a 5-ml His-Trap HP column (GE Healthcare) equilibrated with buffer A. After the column was washed with buffer A to remove unbound and weakly bound proteins, a linear gradient from 0 mM to 500 mM imidazole in buffer A was applied to elute Macs Ma . The electrophoretically pure protein was dialyzed against buffer containing 25 mM Tris and 10% glycerol [pH 7.4], aliquoted, and stored at Ϫ20°C. Activity was found to be stable for greater than 6 months at this temperature. Protein concentrations were determined by the Bradford method (5) using bovine serum albumin as the standard.
Hydroxamate assay for acyl-CoA and acyl-adenylate production. Production of acyl-CoA and acyl-adenylate was determined by the hydroxamate reaction (22, 29) , in which activated acyl groups are converted to a ferric hydroxamate complex that can be detected spectrophotometrically at 540 nm. Reaction mixtures contained 100 mM Tris and 600 mM hydroxylamine-HCl [pH 7.5] with varied concentrations of the acyl substrate and Mg-ATP in the presence or absence of varied concentrations of CoA. Reactions (0.3-ml mixtures) were terminated by the addition of 2 volumes of stop solution (1 N HCl, 5% trichloroacetic acid, 1.25% FeCl 3 ), and the change in absorbance at 540 nm was determined spectrophotometrically. Product formation was determined by comparison to a standard curve generated with known concentrations of acetyl phosphate. Reaction times were empirically determined such that the rate of the reaction remained linear over the time period. The standard reaction temperature of 55°C was based on the optimal temperature determined for Macs Ma . In cases in which the acyl substrate was soluble in ethanol but not water, the final concentration of ethanol in the reaction was kept constant at 2%. This concentration was determined to have minimal effect on Macs Ma enzymatic activity. All reactions were performed in triplicate.
Molybdate assay for inorganic pyrophosphate production. Production of pyrophosphate was determined by direct reaction of PP i with molybdate reagent to produce a PP i -molybdate complex which can be measured at 580 nm (27) . Reaction mixtures (0.3 ml) contained 50 mM Tris-HCl [pH 7.5], 4 mM MgCl 2 , 10 mM dithiothreitol, and varied concentrations of the acyl substrate, ATP, and CoA. Reaction mixtures were preincubated at 55°C for 5 min, and reactions were initiated by the addition of enzyme. After 10 min, the reactions were terminated by the addition of 80 l H 2 O, 50 l 2.5% molybdate reagent (2.5% ammonium molybdate in 5 N H 2 SO 4 ), 50 l 0.5 M 2-mercaptoethanol, and 20 l Eikonogen reagent (25 mM sodium sulfite, 13 mM 1-amino-2-naphthol-4-sulfonic acid, 963 mM sodium meta-bisulfite). After color development at ambient temperature for 10 min, the absorbance at 580 nm was measured and PP i concentration was determined by comparison to a PP i standard curve. All reactions were performed in triplicate.
Spectroscopic assay for acyl-CoA thioester bond formation. Acyl-CoA formation was measured using a spectrophotometric assay that detects thioester bond formation (21) . The reaction mixture contained 100 mM Tris-HCl (pH 7.5) and various concentrations of the acyl substrate and Mg-ATP in the presence or absence of 0.5 mM CoA. Reactions (0.5-ml mixtures) were initiated by the addition of enzyme, and the change in absorbance at 233 nm was monitored continuously using a diode array spectrophotometer. Acs1 Mt and Archaeoglobus fulgidus Acs2 (Acs2 Af ) (16) were used as control enzymes for detection of propionyl-CoA formation by this assay. All reactions were performed in triplicate.
Coupled-enzyme assay for AMP production. AMP production was detected via a coupled-enzyme assay in which myokinase (MK; AMP ϩ ATP 3 2 ADP), pyruvate kinase (PK; phosphoenolpyruvate ϩ ADP 3 pyruvate ϩ ATP), and lactate dehydrogenase (LDH; pyruvate ϩ NADH 3 lactate ϩ NAD ϩ ) couple AMP production to NADH oxidation (15) . Reaction mixtures (0.5 ml) contained 50 mM HEPES (pH 7.5), 1 mM MgCl 2 , 3 mM phosphoenolpyruvate, 2 mM glutathione, 1 unit PK, 1.5 units LDH, and 0.2 mM NADH, with varied concentrations of acyl substrate and CoA. As 55°C is the optimal temperature for Macs Ma , the stability and activities of the coupling enzymes were tested at this temperature. For the length of the reaction, PK and LDH were determined to be sufficiently stable and active at 55°C to not be rate limiting. To determine kinetic parameters for CoA, both ATP and the acyl substrate were held constant at saturating concentrations and the concentration of CoA was varied from 0.01 to 2 mM. The reaction was initiated by the addition of enzyme, and the change in absorbance at 340 nm was monitored. An extinction coefficient of 6220 M Ϫ1 min Ϫ1 for oxidation of NADH to NAD ϩ was used to calculate the reaction rate.
All reactions were performed in triplicate.
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Determination of kinetic parameters. For determination of apparent kinetic parameters, the concentration of one substrate was varied and the other(s) held constant at a saturating level (generally 5 to 10 times the K m value for that substrate). Concentrations for the varied substrate generally ranged from 0.2 to 5 to 10 times the K m value, and 8 to 12 concentrations were used for each determination. The apparent steady-state kinetic parameters k cat and k cat /K m and their standard errors were determined using nonlinear regression to fit the data to the Michaelis-Menten equation using Kaleidagraph (Synergy Software). Macs Ma followed Michaelis-Menten-like kinetics for all substrates.
Molecular modeling. Macs Ma variants were modeled on the wild-type Macs Ma structure (Protein Database accession no. 3ETC) via DS Modeler (Accelrys) using the standard parameters. The structures were visualized with DS Visualizer (Accelrys) and DS Viewer Pro 5.0 (Accelrys).
Sequence analysis. Sacs and Macs amino acid sequences were aligned by Clustal X (36) using a Gonnet PAM 250 weight matrix with a gap opening penalty of 10.0 and a gap extension penalty of 0.05.
RESULTS
Although M. acetivorans utilizes the acetate kinase-phosphotransacetylase pathway for the activation of acetate to acetylCoA in the first step of acetoclastic methane production and an Acs activity has not previously been detected in Methanosarcina species (1, 23), a BLAST search of the M. acetivorans genome (GenBank accession no. NC_003552, GI 20088899) revealed a sequence (NP_617808.1, GI 20091733) that shows identity and similarity to Acs. The M. acetivorans enzyme was heterologously produced in E. coli as a soluble, active protein and purified for biochemical and kinetic characterization to determine whether it has activity toward acetate and might thus play a role in acetate activation in M. acetivorans.
The preferred acyl substrate for acyl-CoA synthesis is 2-methylbutyrate. The acyl-CoA synthetase activity of this enzyme was determined using the hydroxamate assay with straight-and branched-chain acyl substrates. The enzyme displayed little activity with acetate but substantial activity with a number of longer straight-and branched-chain acyl substrates. This enzyme thus appears to be a medium-chain acyl-CoA synthetase and has been designated Macs Ma . Interestingly, significant enzymatic activity was observed for many of these substrates in the absence of CoA. There was little difference in activity in the presence or absence of CoA with acetate, propionate, hexanoate, heptanoate, octanoate, and 3-methyl or 4-methyl branched-chain acyl compounds or with 2-methyl branched-chain acyl compounds longer than 2-methylvalerate (data not shown). The level of activity observed in the presence of 1 mM CoA with butyrate, 2-methylpropionate, or 2-methylvalerate as the acyl substrate was slightly higher than that observed in the absence of CoA, but the difference was less than 2-fold. As the hydroxamate assay utilized for these initial experiments can detect activated acyl substrates, including acyl-CoA and acyl-AMP, the activity observed in the absence of CoA was likely due to production of an acyl-AMP (see below).
The only acyl substrate for which substantial activity was observed in the presence but not the absence of CoA was 2-methylbutyrate. Production of 2-methylbutyryl-CoA, AMP, and PP i by Macs Ma was confirmed to verify acyl-CoA synthetase activity. Acyl-CoA thioester bond formation measured using the spectroscopic assay was absolutely CoA dependent, as expected. PP i production with 2-methylbutyrate as the acyl substrate in the presence or absence of CoA was measured using the molybdate assay. The requirement of CoA for PP i production (or release) is consistent with results observed with Acs1 Mt and Acs2 Af (Table 1) , proven acetyl-CoA synthetases from the archaea Methanothermobacter thermautotrophicus and Archaeoglobus fulgidus (16) , respectively. AMP production with 2-methylbutyrate, measured using the coupled-enzyme assay, likewise was CoA dependent (Table 1) . These results suggest that the M. acetivorans enzyme catalyzes acyl-CoA synthesis, with 2-methylbutyrate as the acyl substrate following the two step acyl-CoA synthetase reaction mechanism. As 2-methylbutyrate appears to be the only acyl substrate for which acyl-CoA synthesis is the primary activity supported, kinetic parameters for the acyl-CoA synthetase activity of Macs Ma were determined only with 2-methylbutyrate ( Table 2) .
Macs Ma releases propionyl-adenylate rather than propionyl-CoA as a product. A possible explanation for the enzymatic activity observed in the absence of CoA with most acyl substrates is that Macs Ma has difficulty retaining the acyl-adenylate intermediate when suboptimal acyl substrates are utilized and instead releases some proportion of it as a product, precluding the second step of the reaction. As the enzyme displayed nearly identical activities in the presence and absence of 1 mM CoA with propionate as the acyl substrate in the hydroxamate assay (Table 1) , release of the intermediate was examined further using propionate as the substrate. To verify that the hydroxamate assay can detect free but not enzyme-bound acyl-adenylate, Acs1 Mt enzymatic activity with propionate was assessed using the hydroxamate assay in the absence and presence of saturating concentrations of CoA. No activity was detected for Acs1 Mt in the absence of CoA ( Table 1 ), suggesting that only free activated acyl groups are detected and not the enzymebound acyl-adenylate intermediate produced in the first step of the acyl-CoA synthetase reaction. As further confirmation, enzymatic reactions were performed in the presence or absence of CoA and analyzed by centrifugal ultrafiltration in which molecules smaller than 10,000 Da flowed through the filter and the enzyme was retained. The presence of activated acyl groups was detected in the flowthrough fraction by addition of hydroxylamine and conversion to the ferric hydroxamate complex. For Acs1 Mt , activated acyl groups were detected in the flowthrough fraction in reactions performed in the presence but not in the absence of CoA, consistent with retention of the acetyl-adenylate intermediate after the first step of the reaction and release of the acetyl-CoA product after the second step. For Macs Ma , activated acyl groups were detected in the flowthrough fraction in reactions performed in the absence of CoA, indicating that the propionyl-adenylate was released.
PP i production in the absence of CoA was determined for Macs Ma , Acs1 Mt , and Acs2 Af . PP i production, measured using the molybdate assay, was detected only in the presence, not in the absence, of CoA for Acs1 Mt and Acs2 Af using acetate as the acyl substrate (Table 1) . Likewise, for Macs Ma , PP i production was detected in the presence but not the absence of CoA with 2-methylbutyrate as the acyl substrate. However, substantial PP i production was detected in the absence of CoA for Macs Ma when propionate was the acyl substrate (Table 1) . AMP, a product of the second step of the acyl-CoA synthetase reaction, was detected only in the presence, not in the absence, of CoA for Macs Ma with either propionate or 2-methybutyrate as the acyl substrate, using the coupled-enzyme assay for AMP production (Table 1) .
To determine whether Macs Ma can catalyze the synthesis of propionyl-CoA, acyl-CoA thioester bond formation was measured using the spectroscopic assay with propionate and ATP at saturating concentrations. No thioester bond-forming activity was detected in the absence of CoA or with increasing CoA concentrations from 0.1 mM to 0.5 mM. In control reactions conducted using Acs1 Mt and Acs2 Af , with acetate or propionate as the acyl substrate, thioester bond formation was detected in the presence but not the absence of CoA.
Overall, the results suggest that Macs Ma behaves as an acylCoA synthetase in the presence of 2-methylbutyrate but as an acyl-adenylate synthetase which releases acyl-AMP as a product when propionate is the acyl substrate (equation 3), precluding the second step of the acyl-CoA synthetase reaction (equation 2).
This activity has also been shown for Macs Ma homologs from Methanothermobacter thermautotrophicus and Methanococcus maripaludis (C. Ingram-Smith, C. Goodman, J. Neuffer, and K. S. Smith, data not shown) and is not an anomaly of the M. acetivorans enzyme.
CoA displays noncompetitive inhibition of the formation of a free propionyl-adenylate and initiates the release of AMP. To determine whether Macs Ma retains the ability to bind CoA when functioning as an acyl-adenylate synthetase, we examined the effect of CoA on propionyl-adenylate production. The propionyl-adenylate release activity of Macs Ma , measured using the hydroxamate assay, was found to decrease almost 60% at 20 mM CoA (Fig. 1A) , and the K i of CoA was determined to be ϳ14 mM (Fig. 1B) . To investigate the nature of CoA inhibition, propionyl-adenylate production was measured using the hydroxamate assay in the presence of increasing levels of CoA, with the concentration of either propionate or ATP varied and the other held constant. CoA displayed noncompetitive inhibition versus both propionate and ATP (Fig. 1C and D) . In a further examination of CoA inhibition of the Macs Ma propionyl-adenylate synthetase activity, AMP production in the presence and absence of CoA with propionate as the acyl substrate was determined using the coupled-enzyme assay. Activity increased ϳ50-fold in the presence of 1 mM CoA versus in the absence of CoA (Table 1) . These results combined with our other results suggest that CoA affects retention of propionyladenylate such that the second step of the acyl-CoA synthetase reaction can be initiated but cannot be completed to form propionyl-CoA.
Kinetic characterization of the acyl-adenylate synthetase activity of Macs Ma . The acyl substrate range and kinetic parameters for acyl-adenylate production and release in the absence of CoA have been determined for Macs Ma using the hydroxamate assay (Table 3 ). The highest catalytic efficiency (k cat /K m ) and turnover number (k cat ) were observed with propionate, which also has the highest K m . Although the K m values for propionate and butyrate are similar, the k cat value observed with butyrate was over 2-fold reduced versus that with propionate and is reflected in the approximately 2-fold reduction in catalytic efficiency. The enzyme had 4-to 10-fold-reduced K m values for 2-methylpropionate, 2-methylbutyrate, and 2-methylvalerate compared to values for propionate, and the turnover numbers for each of these substrates were also reduced. Macs Ma was unable to utilize valerate, hexanoate, 3-methylbutyrate, 3-methylvalerate, or 4-methylvalerate for its acyl-adenylate synthetase activity.
Using propionate as the acyl substrate, ATP, CTP, GTP, TTP, UTP, ITP, and ADP were tested for their ability to serve as the nucleotide substrate for acyl-adenylate synthesis. Activity, as measured by the hydroxamate assay, was observed only with ATP, and thus kinetic parameters for ATP were determined with each acyl substrate ( Table 4 ). The k cat and K m values determined for ATP varied in a pattern similar to those observed for the partner acyl substrate. The lowest K m value for ATP was observed with 2-methylbutyrate as the acyl substrate, with an 18-fold-reduced K m compared to that observed with propionate; in turn, the turnover rate decreased approximately 67-fold. A corresponding decrease in both the k cat and K m values for ATP was observed as those values for acyl substrates decreased. Thus, the lower saturating concentration of acyl substrate for the enzyme results in the lower turnover rate for release of acyl-adenylate as a product.
An Acs1 Mt Trp 416 Gly variant releases a free acyl-adenylate with propionate and butyrate in the absence of CoA. To determine if other acyl-CoA synthetases have the ability to catalyze the formation and release of acyl-adenylate, an Acs1 Mt Trp 416 Gly variant was utilized to examine the acyl-adenylate synthetase activity with propionate and butyrate. This variant is Macs-like in that replacement of Trp 416 by Gly expanded the acyl substrate-binding pocket such that the enzyme was able to accommodate substrates that were as long as octanoate as well as branched-chain acyl substrates for acyl-CoA synthesis (17) . VOL. 192, 2010 METHANOSARCINA MEDIUM-CHAIN ACYL-CoA SYNTHETASE 5985
Using the hydroxamate assay with the preferred acyl substrate 4-methylvalerate, the Acs1 Mt Trp 416 Gly variant behaved as an acyl-CoA synthetase, with only 6.4% Ϯ 0.1% activity observed in the absence versus the presence of CoA. However, substantial acyl-adenylate synthetase activity was observed with propionate or butyrate as the substrate, with 64.1% Ϯ 1.0% and 67.4% Ϯ 0.9% activity, respectively, in the absence versus the presence of CoA. Thus, enzymatic activity increased only ϳ1.5-to 1.6-fold in the presence of CoA with propionate and butyrate, versus a 15.6-fold increase in the presence of CoA with 4-methylbutyrate as the substrate.
The results from the hydroxamate assay were confirmed by measuring the production of PP i by the molybdate assay. Again, only 6.4% Ϯ 0.1% activity was observed in the absence versus the presence of CoA with 4-methylvalerate as the substrate, whereas 36.6% Ϯ 0.7% and 67.3% Ϯ 2.5% more activity was observed with propionate and butyrate, respectively, in the absence versus the presence of CoA. Enzymatic activity was examined using the hydroxamate assay in the presence or absence of CoA, with a wide range of acyl substrates, including both straight-chain (acetate to octanoate) and branched-chain (2-methylpropionate to 4-methylvalerate) acyl compounds, but little-to-no acyl-adenylate synthetase or acyl-CoA synthetase activity was detected, except with the Lys 256 Leu variant. In confirmation of this result, PP i production was examined using the molybdate assay and found to be barely detectable with propionate and 2-methylbutyrate as the acyl substrates for testing acyl-adenylate synthetase in the absence of CoA and acyl-CoA synthetase activity in the presence of CoA, respectively.
The Lys 256 Leu variant had significantly reduced acyl-adenylate synthetase activity with a dramatically decreased turnover number (k cat ) compared to that of the wild-type enzyme (0.22 Ϯ 0.01 s Ϫ1 versus 4.78 Ϯ 0.04 s Ϫ1 ) and an increased K m for propionate (101.1 Ϯ 9.6 mM versus 29.1 Ϯ 0.3 mM for the wild-type enzyme), as measured by the hydroxamate assay. As for other variants altered in the putative acyl pocket, the acylCoA synthetase activity with 2-methylbutyrate was significantly diminished for the Lys 256 Leu variant, such that kinetic parameters could not be determined. Interestingly, the optimal temperature for this variant decreased by 10°C relative to that observed for the wild-type enzyme, and the variant also displayed lower thermostability than the wild-type enzyme (data not shown), suggesting that Lys 256 plays an important role in the structural stability of the enzyme.
DISCUSSION
Macs Ma is a medium-chain acyl-CoA synthetase with 2-methylbutyrate as the preferred acyl substrate. The characterized members of the short-and medium-chain acyl-CoA synthetase family of enzymes are the acetyl-and propionylCoA synthetases, which utilize the short-chain acyl substrates acetate and propionate (6, 7, 9, (15) (16) (17) (18) , and Sa, MACS1, LAE, and FadK, which utilize a range of slightly longer straight-and branched-chain acyl substrates (10, 11, 25) . Consistent with its being phylogenetically more closely positioned with the Sa, MACS1, and LAE sequences rather than Acs sequences, Macs Ma was found to utilize 2-methylbutyrate as its preferred acyl substrate for acyl-CoA synthesis. The production of 2-methylbutyryl-CoA, AMP, and PP i were confirmed, indicating that Macs Ma catalyzes the two-step acyl-CoA synthetase reaction with an acyl-adenylate intermediate.
Surprisingly, Macs Ma was discovered to catalyze the first step of the acyl-CoA synthetase reaction and to release the acyladenylate intermediate as a free product when short-chain acyl substrates, such as propionate, were used. Four lines of evidence support this conclusion: (i) activity was observed in the absence of CoA using the hydroxamate reaction, which can detect activated acyl groups, including both acyl-CoA and acyl-AMP; (ii) the enzyme-bound acyl-adenylate produced in the first step of the acyl-CoA synthetase reaction of Acs1 Mt could not be detected by this assay, but a free acyl-adenylate was detected for Macs Ma ; (iii) PP i was found to be the other product of the reaction catalyzed by Macs Ma in the absence of CoA; and (iv) little-to-no AMP production was observed in the absence of CoA for Macs Ma , indicating that the propionyl adenylate was not degraded into propionate and AMP. However, CoA was found to inhibit the release of the propionyl-adenylate from the enzyme and instead initiated the release of AMP.
Similar results were obtained for a Trp 416 Gly variant of Acs1 Mt . This variant is Macs-like in that it has a broader acyl substrate range and prefers longer acyl substrates than wildtype Acs1 Mt . With short-chain acyl substrates, the variant catalyzed the first step of the acyl-CoA synthetase reaction and released the acyl-adenylate in the absence of CoA. The results observed with Macs Ma and the Macs-like Trp 416 Gly Acs1 Mt variant suggest that although the medium-chain acyl-CoA synthetases may have the ability to utilize a broad range of substrates for the acyl-adenylate-forming first step of the reaction, the intermediate may not be suitable for the thioester-forming second step, in which case the enzyme has devised a mechanism for breaking down and releasing the intermediate.
Macs (11) . Lipoyl-GMP appears to be easily released from LAE, whereas lipoyl-AMP is retained in the active site as an intermediate for use in the second step of acyl-CoA synthesis. Purified LAE from bovine liver mitochondria exhibited the highest acyl-GMP synthetase activity with octanoate, decanoate, and lipoate but had the highest acyl-CoA synthetase activity with hexanoate and moderate activity with butyrate or octanoate (11) . The lipoyl-GMP product is subsequently utilized by lipoyltransferase for lipoylation of other proteins. The bovine LAE characterized by Fujiwara et al. (11) shows 75% identity and 84% similarity to the human MACS1 characterized by Fujino et al. (10) , suggesting that these are homologs. MACS1 and Sa were shown to require both ATP and CoA for activity (10) ; however, the spectrophotometric and isotopic enzymatic assays used in those studies measure the formation of acyl-CoA and would not detect the formation of a free acyl-adenylate. Thus, it is possible that these enzymes may also have acyl-activating activity in the presence of GTP, as observed for LAE. Macs Ma was tested for both acyl-CoA synthetase and acyl-activating activity with ATP and GTP but was unable to utilize GTP for either enzymatic activity.
Trivedi et al. (37) identified a class of FadD enzymes from Mycobacterium tuberculosis that activate long-chain fatty acids for utilization by polyketide synthases. These enzymes, designated FAAL for fatty acyl-AMP ligase, activate long-chain fatty acids as acyl-adenylates rather than acyl-CoA thioesters (37) . Interestingly, these enzymes catalyzed fatty acyl-AMP production even in the presence of CoA. Whether these FAALs can catalyze acyl-CoA thioester formation in the presence of a nucleotide substrate other than ATP was not determined. The FadDs are distantly related to the short-and medium-chain acyl-CoA synthetases, including Macs Ma , MACS1, and LAE, and there is low sequence identity (ϳ20%) between these groups even though they are part of the acyl-adenylateforming enzyme superfamily.
Comparison of the acyl-binding pockets in Acs and Macs Ma . The acyl substrate-binding pocket of Acs1 from M. thermautotrophicus has been investigated previously (17 (17) .
The role of Trp 259 in determining acyl substrate utilization by Macs Ma was examined by analyzing variants altered at this position. The five purified variants displayed little-to-no acyladenylate or acyl-CoA synthetase activity, which suggests an essential role for this residue in acyl substrate binding and catalysis. Although Tyr and Phe are considered to be conservative amino acid replacements for Trp, modeled structures for these variants indicate that the benzoyl ring side chains of Phe and Tyr are twisted 62°and 32°, respectively, in relation to the side chain of Trp 259 , which may be responsible for the severe reduction in the acyl-adenylate and acyl-CoA synthetase activities.
As seen by sequence alignment (Fig. 2) 313 to Lys in Acs1 Mt was shown to cause the enzyme to release acyl-adenylate as a free product before the thioester-forming step of the reaction (17) . This Acs variant had only weak activity with acetate and could no longer utilize propionate. Sa also has Lys in the position equivalent to Thr 313 of Acs1 Mt yet catalyzes the two-step reaction to produce acyl-CoA (10, 11, 25) . Whether Sa releases the acyl-adenylate with other, smaller acyl substrates is not known.
The structure of Macs Ma revealed an uncommon interaction between Lys 256 and Cys 298 (31) . Therefore, the effects on enzymatic activity of amino acid substitutions at both of these residues were analyzed. 254 , and Trp 237 appear to play essential functions in acyl substrate binding and catalysis, and even conservative changes in these residues resulted in a loss of nearly all the acyl-adenylate synthetase/acyl-CoA synthetase activity. Overall, these results suggest that the acyl substrate-binding pocket of Macs Ma has a very specific architecture and cannot withstand even minor changes.
A possible physiological role for Macs Ma . BLAST searches of the nonredundant protein sequence database at the National Center for Biotechnology Information and the Integrated Microbial Genomes system available through the DOE Joint Genome Institute (http://img.jgi.doe.gov) combined with phylogenetic analysis revealed that an ORF encoding a putative Macs Ma ortholog is present only in the genomes of a limited number of bacteria or archaea. Within the archaea, Macs Ma orthologs are found only in the strictly anaerobic methanogenic archaea, and of the 31 finished or draft methanoarchaeal genome sequences available through the Integrated Microbial Genomes system, only six do not have an ORF encoding Macs and five have two putative macs genes. Within the bacteria, Macs Ma orthologs have been identified only in select strict anaerobes.
Inspection of the region surrounding the macs genes in the methanoarchaeal genomes revealed gene conservation that may suggest a role for these Macs enzymes. The vorCBA operon encoding the three subunits of ketoisovalerate oxidoreductase (Vor) (35) is found adjacent to the macs gene in 17 of the 25 methanoarchaeal genomes with macs. Of the eight genomes that have macs but lack vorCBA, all but two instead have the kor operon, encoding 2-ketoglutarate ferredoxin oxidoreductase. The genomes that lack macs also lack vorCBA.
Fusion of macs and vorC in Methanosaeta thermophila and the presence of the vorCBA operon downstream of the majority of the methanoarchaeal macs genes suggest that Macs and Vor may interact and have integrated roles. The most straightforward explanation is that branched-chain acyl-CoA produced by Macs serves as a substrate for Vor. Vor, originally discovered in the peptide-utilizing hyperthermophilic archaea Pyrococcus and Thermococcus (14, 20) , is responsible for CoAdependent oxidation of branched-chain 2-ketoacids derived from valine, leucine, isoleucine, and methionine (14, 20) . The acyl-CoA derivatives are then converted to fatty acids and CoA in an ATP-generating reaction catalyzed by the ADP-forming acetyl-CoA synthetase (24) . M. thermautotrophicus has been shown to assimilate acetate into alanine, propionate into isoleucine, succinate into glutamate, and phenylacetate into phenylalanine (35) , indicating that Vor and the related enzymes Por (pyruvate oxidoreductase), Kor (2-ketoglutarate oxidoreductase), and Ior (indolepyruvate oxidoreductase) have an anabolic function in the biosynthesis of amino acids (35) .
Proteomic and microarray data on expression of macs are incomplete for the methanoarchaeal species. However, microarray data from M. maripaludis indicate that macs is expressed in both defined rich medium and minimal medium (40) . Both microarray and proteomics studies suggest that vorCBA and macs are coordinately regulated, as was expected if the protein products form a pathway (26, 40) .
Conclusions. The results presented here suggest that although acyl-CoA synthetases may have the ability in vitro to utilize a broad range of acyl substrates for the acyl-adenylateforming first step of the reaction, the intermediate may not be suitable for the thioester-forming second step. Although it is unlikely that this acyl-adenylate synthetase activity plays a physiological role as a mechanism for the enzyme to release an unfavorable acyl substrate after the first step of the reaction, this activity provides additional insight into the mechanism of acyl-CoA synthetases and suggests that the role of active-site architecture in substrate selection for the first step of the reaction has implications for the second step of the reaction as well.
